Nowadays, strain engineering plays a key role in boosting the performance of Si-based nanoelectronics. So far a tremendous progress has been made in establishing methods for strain manipulation in Si nanodevices. This has brought up further challenges in terms of development of reliable probes to characterize the strain on the nanoscale. In this paper, we discuss strain imaging using multi-wavelength micro-Raman spectroscopy. As a model system, we investigate the strain behavior upon nanoscale patterning of ultrathin strained silicon-on-insulator (SSOI). We show that valuable details on the strain depth distribution can be obtained by combining deep UV and visible Raman microprobes. Additionally, we also demonstrate that strain mapping with high lateral resolution can be achieved using UVRaman with glycerin-immersed high numerical aperture objective lens. Results from nano-beam electron diffraction and peak-pairs analysis of high-angle annular dark field images are also presented. Detailed 3D finite element simulations of edge-induced strain relaxation in SSOI nanostructures augment our experimental studies.
Introduction
The precise control of the amount and distribution of strain in Si devices has emerged as a powerful strategy to insure the continuity in the scaling of CMOS technology (1) . Indeed, since the 65 nm technology node strain has been used to improve the carrier transport in Si-based CMOS devices. It was demonstrated that the introduction of a compressive and/or tensile strain in the Si channel can improve the mobility of holes and electrons and, consequently, increase the n-and p-MOSFET drive currents (2, 3) . Compressive strain is usually introduced by a shallow trench isolation toward channels longitudinally and laterally (4) . To induce tensile strain in the channel, SiGe virtual substrates (5) , tensile films (6) , and mechanical forces (7, 8) are among the widely used methods. In this case, the strain is generated locally during transistor processing. This approach, known as local strain process, utilizes SiGe deposition on specific active regions beside the channel. The strains induced in this case are typically uniaxial. However, with the technology scaling, the efficiency of this local strain tends to drop (9) .
An alternative method is to build transistors directly from a strained Si material. For this approach, known as global strain process, materials engineering is as critical as the device design. The global strain can be generated on the wafer level by the growth of ultrathin Si layer on a relaxed SiGe virtual substrate. In this case, the induced tensile strain is biaxial and its magnitude depends on the content of Ge in the virtual substrate. The biaxial tensile strain breaks both the sixfold degeneracy in the ellipsoidal valley of the conduction band as well as the degeneracy between heavy and light hole bands (10) . This translates into a reduction of the intervalley scatterings in the conduction band and the electron effective transport mass, which leads to an enhancement in the electron mobility (11) . However, the presence of the SiGe layer was found to cause several complications in the final device such as high leakage current, Ge diffusion, and enhanced n-type dopant diffusion. The obvious remedy to these problems would be the elimination of the SiGe layer. This can be accomplished by using ultrathin strained Si layer directly on a SiO 2 /Si substrate (i.e., the SiO 2 layer is sandwiched between strained Si layer and Si substrate) (12, 13) . This novel SiGe-free structure combines the advantages of Si-on-insulator technology (14) with the benefits of strained Si. Thus, there is a strong motivation to fabricate and understand the fundamental properties of ultrathin strained Si layer directly on insulator.
The potential introduction of SSOI in device fabrication raises fundamental questions about the evolution and stability of the strain during different processing steps. The amount and distribution of the residual strain are very critical to the design and performance of SSOI-based devices. Therefore, it is of compelling importance to probe the local strain in individual SSOI structures. Toward this end, high spatial resolution and less invasive techniques are needed. In this paper, we demonstrate strain imaging using multi-wavelength micro-Raman spectroscopy. We show that valuable details on the strain depth distribution can be obtained by combining deep UV and visible Raman microprobes. Additionally, we also demonstrate that strain mapping with high lateral resolution can be achieved using UV-Raman with glycerin-immersed high numerical aperture objective lens. Results from nano-beam electron diffraction (NBED) and peakpairs analysis of high-angle annular dark field (HAADF) images are also presented. It is important to mention that the techniques developed or optimized in this work can also be applied to different systems other than SSOI-based nanostructures.
Characterization of Strain in SSOI: Micro-Raman vs. Scanning Transmission Electron Microscopy
8-inch SSOI wafers were used in this study. The strain was generated by the heteroepitaxial growth of Si thin film on ~500 nm-thick Si 1-x Ge x buffer layer, which was relaxed by helium implantation and thermal annealing (13) . The tensile strained thin layer was then transferred to a SiO 2 /Si handle wafer by combining wafer bonding and ion-cut process. The amount of the strain is controlled by adjusting the content of Ge in the SiGe buffer layer. In fact, the expected in-plane biaxial strain in these SSOI substrates depends on x Ge as follows: where a Si , a Ge , and a SiGe are lattice parameters of bulk Si, Ge, and SiGe alloy respectively. The initial thickness of the strained layer is in the range of 15-30 nm. Thicker layers were obtained by an additional homoepitaxy. Figure 1 displays cross-sectional transmission electron microscopy (XTEM) images of thin and thick SSOI substrates. Note the strained films have a uniform thickness and are defect-free as demonstrated by the high resolution images and the electron diffraction patterns. First, we employed UV micro-Raman to characterize the strain in SSOI substrates. The measurements were performed in backscattering geometry by a LabRam HR800 UV spectrometer with a 325 nm He-Cd laser line corresponding to a penetration depth of ~10 nm in Si. A 40× objective was used to focus the laser beam to a spot of ~800 nm in diameter at the surface of the sample. To avoid local heating effects, the laser power was kept below 2 mW. The backscattered Raman light is diffracted by a 2400 g/mm grating and detected by a charged coupled device camera. The He-Cd plasma line at 854.7 cm -1 was used for the calibration of Raman spectra. The strain values are calculated from the measured wavenumbers of the Si-Si LO phonon using (15) corresponding to an average in-plane biaxial strain İ xx = İ yy = 1.24% as estimated from Eq. 2, which agrees with 1.2% expected strain value from the content of Ge (Eq. [1] ). Similar agreement is obtained for x Ge = 0.16 corresponding to İ xx = İ yy = ~0.6%. Thus one can conclude that Raman microprobe (based on Eq. [2] ) is a reliable method for the evaluation of strain in SSOI materials.
Besides UV Raman spectroscopy, To quantify the strain in the strained layer, nanobeam electron diffraction (NBED) and peak-pairs analysis of high-angle annular dark field (HAADF) images were additionally performed using a probe C s -corrected FEI-Titan 80-300 microscope, and were correlated with results from Raman spectroscopy [16] . The NBED principle consists in illuminating a nanometer-sized area of the specimen with a nearly parallel electron beam and acquiring series of diffraction patterns at points along previously defined lines. Then the strain components of interest are calculated based on subpixel analyses of the electron diffraction patterns, which include precise information on distances of lattice planes. The spatial resolution of NBED is determined by the beam diameter to a few nanometers, and both, the strain-sensitivity and the accuracy are in the order of 0.1 %. HAADF allows nano-scale strain mapping by use of the known image processing methods for strain analysis from high-resolution electron microscopy (HREM) images. These methods are mainly based on two different approaches: geometric phase analysis and peak-finding, e.g., the peak-pairs analysis (PPA) [16] [17] [18] [19] [20] [21] [22] [23] . Processing the images numerically allows estimating the local shifts of intensity maxima (corresponding to the atomic columns) with respect to the positions in a relaxed lattice with a sensitivity of 1×10 -3 (in relation to silicon). Figure 3 displays a typical strain map obtained by applying the peak-pairs analysis (PPA) for a SSOI substrate fabricated from a SiGe relaxed buffer layer having a Ge content of 0.16. The reference region of unstrained Si is shown on the left. The in-plane strain İ 0 1 1 values were calculated by integrating the corresponding profile in the strain map over a length of about 20 nm along the <110> direction. The estimated average strain was found to be ~0.63 %, which is in perfect agreement with Raman data. Similar strain value was also obtained using NBED as shown in Figure 4 . For NBED analysis, two FIB specimens in the <110> orientation were prepared perpendicular to each other and corresponding to the two in-plane directions. The comparison Raman vs. NBED or PPA/HAADF provides the confidence in using STEM-based methods to evaluate the strain in SSOI ultrathin films. The anticipated strain relaxation during specimen thinning need for STEM analysis appears to be negligible in the present conditions. 
UV-Raman strain imaging in SSOI nanostructure
In this section, we focus on the application of UV micro-Raman spectroscopy to map the strain in individual SSOI nanostructures. As mentioned above, the fabrication of SSOI-based devices requires nanoscale patterning of SSOI ultrathin layers. It was demonstrated that thermal annealing at temperatures as high as ~1000 ºC does not influence the strain (24, 25) . The formation of free surfaces upon nanoscale patterning was found, however, to lead to a relaxation of the strain. The extent of this phenomenon depends on the size, thickness and geometry of the patterned structures (26) (27) (28) (29) (30) . Despite these extensive studies, experimental investigations of the strain behavior in single patterned SSOI structures are still missing. In fact, all published reports are based on the analysis of the post-patterning strain averaged over several structures (26) (27) (28) (29) (30) . In the following, we demonstrate that the strain in a single SSOI patterned structure can be mapped with a fairly good spatial resolution by using confocal UV-Raman scattering spectroscopy. Enhanced spatial resolution was obtained by making a few adjustments to a conventional Raman spectrometer (31) . Here a beam from a 355 nm CW laser is introduced into a modified inverted optical microscope (NIKON, TE2000) and focused by a high numerical aperture (NA = 1.4) ×100 UV objective lens. In order to improve the laser focusing and to minimize index mismatch-induced spherical aberrations, the objective and samples were directly immersed in Glycerin with a refractive index of 1.47. The use of Glycerin has the advantage of suppressing the fluorescence background observed in the UV range for the widely used oil immersion, which is typically designed for visible wavelength excitation. According to Rayleigh Criterion the theoretical spatial resolution of this setup is ~155 nm. The microscope is equipped with a PZT driven stage (Physik Instrumente P-517.3CL multi-axis piezo scanner) having an accuracy of 1 nm with a closed-loop feedback system. Raman 2D maps were reconstructed from spectra measured with a 10 or 30 nm-step. For this investigation, a 15 nm-thick SSOI layer under a biaxial tensile strain of 0.8% was used. Order arrays of square-like structures were fabricated using electron beam lithography and reactive ion etching. Figure 5 (a) shows a scanning electron microscope image of an array of 500 nm × 500 nm SSOI structures. (b) (a) Figure 5 : (a) A scanning electron microscope image of an array of 500 nm × 500 nm SSOI structures; (b) 2D map of the Si-Si position and the corresponding post-pattering biaxial tensile strain measured by UV-Raman. Note that the dark region between the structures corresponds to no signal as the background from the underlying Si substrate was subtracted. The inset displays the profiles of the Si-Si peak position and the strain across the 500×500 nm 2 structure.
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Figure 5(b) shows a 1 ȝm × 1 ȝm 2D map of the intrinsic Si-Si Raman peak position and the corresponding biaxial tensile strain measured for the sample shown in Figure 5 (a). The map was reconstructed from ~1110 spectra recorded with a ~30 nm-step. We note that the lowest Si-Si peak position is measured at the center of the patterned structure corresponding to ~515.4 cm -1 , which is ~1.1 cm -1 above the value in the initial film. This upshift of the Si-Si Raman mode corresponds to a decrease in the biaxial tensile strain from 0.80% to 0.67%. This demonstrates that patterning induces a partial relaxation of the strain in agreement with recent observations (26) (27) (28) (29) (30) . Note that due to their symmetric shape, the residual strain remains isotropic in both lateral directions (biisotropic) in the investigated structures. The interesting observation here is that the strain in the patterned structure is no longer uniform as the relaxation becomes more pronounced away from the center leading to a tensile strain of ~0.37% near the edges. This is clearly visible in Figure 5(b) (inset) showing the evolution of the Si-Si peak position and the corresponding in-plane strain across the patterned structure in comparison with the values in the initial SSOI substrate. This edge-induced strain relaxation is a result of the inward displacement of the lattice at and near the newly formed free surfaces leading to a strain gradient along the patterned structure.
Multi-wavelength Raman microprobe: An in-depth strain probe
In the previous section, strain mapping using UV-Raman was demonstrated for a single SSOI nanostructure. In spite of this progress, probing SSOI-based nanostructures using micro-Raman faces, however, some complications due to the fact that the oxide is transparent to the laser light leading to a strong background from the underlying Si substrate in Raman spectra. This severely limits the sensitivity of the technique and projects large uncertainties on the obtained strain values as the signal from the strained structures becomes overwhelmed by the background signal. Fitting and subtracting the background can be accurate to a certain extent provided that the strain is sufficiently high to allow a clear distinction between the Si-Si peaks of the strained structures and the underlying substrate. Obviously, this is not the case for tiny SSOI nanostructures where both the relaxation and the fraction of the laser beam reaching the Si substrate are expected to be more significant. To overcome this limitation, we developed a novel heterostructure that permits the precise analysis of the strain in nanoscale patterned ultrathin SSOI using multi-wavelength micro-Raman spectroscopy. This heterostructure consists of a 15 nm-thick strained Si layer transferred onto SiO 2 /Ge/Si multilayer as shown in Figure 6 (a) (32) . The strained layer was fabricated by the epitaxial growth of Si on a ~500 nm-thick Si 0.84 Ge 0.16 buffer layer grown on Si(001) by chemical vapor deposition. The obtained strained-Si/Si 0.84 Ge 0.16 /Si wafer was subsequently capped by a ~200 nm-thick SiO 2 layer grown by plasma enhanced chemical vapor deposition. A second wafer was prepared by deposition of ~120 nm-thick Ge layer on Si(001) using molecular beam epitaxy. This wafer was also covered by a ~200 nm-thick SiO 2 layer. The ultrathin strained Si layer was transferred from the first wafer onto the second one using the ion-cut process and selective chemical etching of SiGe. Owing to the high absorption coefficient of Ge, the introduction of the Ge layer prevents the laser from reaching the Si handle substrate thereby suppressing the background in Raman spectra of SSOI nanostructures. This is clearly demonstrated in Fig. 1b showing Raman signal of the obtained heterostructure recorded using a 488 nm Ar + laser line. The spectrum is composed of two peaks associated with the Si-Si and Ge-Ge modes from the strained Si , 33 (6) 511-522 (2010) and Ge layers, respectively. No Si-Si mode from the underlying Si substrate is detected because the 488 nm laser used has a limited penetration depth of ~20 nm in Ge. Note that the observed Si-Si peak is centered at ~515.9 cm -1 corresponding to a biaxial tensile strain of ~0.6 % (stress of ~1.1 GPa) as expected from the Ge content in the Si 0.84 Ge 0.16 buffer layer. This indicates that the presence of Ge layer does not affect the strain in the Si layer. To investigate the influence of nanoscale patterning on the strain, ordered arrays of SSOI nanostructures were fabricated using electron beam lithography and reactive ion etching. Three sets of patterned square-shaped nanostructures were prepared with a lateral dimension (L) of 50, 100, or 500 nm. The post-patterning strain was investigated using micro-Raman system equipped with a deep UV frequency-doubled 244 nm laser, a UV He-Cd 325 nm laser, and an Ar + 488 nm laser having a penetration depth in Si of ~6, ~10 and ~570 nm, respectively. The penetration depth of each laser is superposed on the high resolution TEM image (Fig. 6(a) ). For all investigated SSOI nanostructures we found that the spectra recorded using the 244 nm and 325 nm laser lines to be identical for a fixed lateral dimension L. This implies that, regardless of the size, the strain in the top 6 nm and in the 10 nm is the same. However, we observed a strong difference between these spectra and the spectra recorded using the visible laser. This conflicts between UV and visible data is very instructive. Table I summarizes the strain and the corresponding stress measured for SSOI nanostructures at different depths. It is worth pointing out that the obtained results show that relying on UV-Raman alone to probe the strain in SSOI nanostructures can lead to inaccurate conclusions regarding the strain in nanostructures thicker than the penetration depth of the UV laser in Si (~10 nm). In fact, the extrapolation of the UV-Raman data to the whole thickness exaggerates the phenomenon of the patterning-induced relaxation of the strain in SSOI nanostructures. Moreover, it emerges from data in Table I , 33 (6) 511-522 (2010) region close to the interface Si/SiO 2 becomes under a high tensile strain upon nanoscale patterning. The amount of the post-pattering strain in this region appears to be less sensitive to the lateral dimension. In contrast, the top 10 nm is very sensitive to the size and relaxes rather quickly by reducing L. Indeed, the relaxation was found to involve a pronounced contraction of the region near the surface. This compression or inward motion of the lattice near the surface occurs parallel to an expansion of the lattice near the interface Si/SiO 2 . The highest difference in the strain between these two regions was observed at a lateral dimension of 100 nm. Interestingly, at L = 50 nm, both compressive and tensile strained regions coexist within the same nanostructure. This phenomenon can provide an additional degree of freedom in the design and fabrication of strained Si nanodevices. The ensemble of these observations provides the experimental demonstration of calculation-based mechanisms of the edge-induced strain relaxation in nanopatterned SSOI (see e.g., Ref. 28) . To gain more insights into this phenomenon, we performed detailed 3D finite element simulations using the program ANSYS V 12.0. The simulations were done in two steps using a reduced quarter model consisting of 3D 20-node elements with quadratic displacement behavior. The material properties of the strained Si and the underlying SiO 2 were assumed to be anisotropic and isotropic, respectively. Both materials are linearly elastic in the calculations. In a first step, an initial strain of 0.6 %, corresponding to the initial experimental value, was applied on the patterned nanostructures via a virtual biaxial thermal expansion of Si. In order to avoid relaxation in the first step, the edges of the structures were fixed with rigid boundary conditions. SiO 2 was initially considered under stress to meet the characteristic of PEVCD-grown oxide used in this work. The relaxation phenomenon was then simulated by removing the boundary conditions in the second step. The obtained 3D maps of the first principle strain for L = 50, 100, and 500 nm are shown in Figure 7 . It is clear that the formation of edges leads to a pronounced relaxation of the lattice near the surface. This relaxation is more important for the smallest structures. Independently of the size, the patterning-induced relaxation leads to a out-of-plane distortion of the lattice. It is also important to mention that the strain remains biisotropic (İ xx = İ yy ) in the patterned structures. Interestingly, the Si/SiO 2 becomes relatively highly strained upon nanopattering in qualitative agreement with the experimental data shown in Table 1 .
Conclusion
We have discussed some practical issues in the application of Raman micro-probes, NBED, and PPA to characterize the strain in ultrathin SSOI. We have also described a method to achieve strain mapping with a fairly good spatial resolution using UV microRaman with glycerin-immersed high numerical aperture objective lens. Additionally, we have presented a novel heterostructure to elucidate accurately the strain evolution upon nanoscale patterning of ultrathin SSOI substrates. The introduction of a Ge layer between the handle substrate and the buried oxide suppresses effectively the background and enhances the sensitivity of Raman scattering. By combining UV and visible Raman microprobes unprecedented insights into the phenomenon of edge-induced relaxation in SSOI nanostructures were obtained. We found that the strain in the top 10 nm relaxes quickly and appears to be very sensitive to the size, whereas the region near the Si/SiO 2 interface becomes highly strained upon nanopatterning. This disparity in the strain evolution between surface and interface is in a qualitative agreement with numerical calculations based on continuum mechanical approach of nanopatterning-induced relaxation.
